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A 51- inch -d iaae te r ,  c l ec t rodcpos i t ed  n i c k e l ,  s p h e r i c a l  p re s su re  
vessel w a s  s u c c e s s f u l l y  designed, f a b r i c a t e d  and t e s t e d .  The r e s u l t s  
of t h i s  manufacturing process  development study have prcvcn t h e  f e a s i -  
b i l i t y  of f a b r i c a t i n g  seamless p r e s s u r e  v e s s e l s  bj- i h c  c l cc t rodepos i -  
t i o n  process .  
The LTessel produced was f a b r i c a t e d  by depo5i:inZ n i c k e l  on a? 
al-uninum nandre l  i n  a n i c k e l  s u l f a n a t c  e l c c t r o f o r n i n g  b a t h .  The 
a lminum mandrel vas removed a f t e r  conp lc t ion  of  t he  electsoforming 
process  by chemical e t c h i n g  w i t h  d i l u t e  h!:drochloric a c i d .  
A h y d r o s t a t i c  proof test and helium l eak  tes t  have sl?own the  
vessel mects t h e  fol lowing design requirements:  
Operating P res su re  50 p s i g  
Proof Pr e s s u r  e 70 p s i g  
Me 1 ium Pcrneab i li t y l e s s  than 10 s t d / c c / s e c / f t  
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1. INTRODUCTION 
Tlie purpose of t h i s  proccss development program was t o  d e s i p ,  
f a b r i c a t e  and tes t  a 51-inch-dianeter t  e l c c t r o f  ormed niclcel, s p h e r i c a l  
cryogenic f l u i d  c o n t a i n e r .  
Conventional cryogenic  con ta ine r s  are f a b r i c a t e d  f r o n  a u s t c n i t i c -  
type s teels  u i t h  a face-ccntercd cub ic  l a t t i c e  s t r u c t u r e .  T ? i i s  l a t t i c e  
s t r u c t u r e  i s  not  s u b j e c t  t o  the b r i t t l e  t r a n s i t i o n  a t  cryozenic ten- 
, p e r a c m e s  noted w i t l :  rnater iz ls  hav i rn  *a t h e  bod>--czntercd c-bic spacz 
l a t t i c e .  D i f f i c u l t i e s  encountered v i t h  t h e s c  v e s s e l s  u s u a l l y  n r i s c  
a t  t h e  j o i n t s  where end closurco are  welded o r  whcrc p o r t  openinzs 
and reinforcements  a r e  jo ined .  Development s t u d i e s  w i t h  compositc 
chambers f a b r i c a t e d  f r o n  g lass  f i b e r s  and epoxy r e s i n s  have i n d i c a t e d  
t h a t  t h e s e  cl imbers  have h igh  s t rength- to-weight  r a t i o s ,  but have 
a l s o  pointed out extrencl;. s c r i m s  problccs  o i  p e r n c a b i l i t y  , (clcts- 
tomeric l i n e r s  cannot b e  u s e d  a t  cryogenic t empera tu res ) .  and low 
s t i f f n e s s  of t he  composite matrix.  Lnwn m e t a l l i c  f o i l  l i n c r s  a r c  used  
t o  prevent pe rmeab i l i t y ,  t h e  conposi tc  ovcmrap  must be ovcrdesigned 
t o  in su re  s t r a i n  c o m p a t i b i l i t y  between t h e  l i n c r  and she l l .  Othcrwisc,  
the  cyc le  Latiguc l i f e  w i l l  be Grea t ly  reduced bccausc t h c  l i n e r  w i l l  
be s t r a i n e d  i n t o  t h e  p l a s t i c  range. 
Tlie e l ec t ro fo rming  process o f f e r s  a s o l u t i o n  t o  t h e  problem of 
welds and l i n e r s  3s a continuous j o i n t - f r e e  s t r u c t u r e  can be produced. 
Changes i n  t h i c k n e s s  of t h e  ves se l  wall can be made t o  r e i n f o r c e  l o c a l  
high-load areas, c l i m i n a t i n g  t h e  need of ex tens ive  n a c h i n i n g  and weld- 
i ng  a f t e r  t he  v e s s e l  i s  formed. Major problems wi th  the electroformed 
s t r u c t u r e  are i n s u r i n g  a "pin hole"  f r e e  v e s s e l  and e s t a b l i s h i n g  t h e  
proper des ign  and f a b r i c a t i o n  paramcters .  Since only a l i m i t e d  amount 
of dcvelopnent d a t a  have been r e p o r t c d  i n  t h i s  area,  t h e  program had 
6 95 1 -F i n a  1 1. 




t h r e e  main a reas  of e f f o r t :  Phase I - design of a v e s s e l  s u i t a b l e  €or  
the e l c c t r o f o r n i n g  process  and d e f i n i t i o n  of the process t o  be used t o  
f a b r i c a t e  t h e  v e s s e l ;  Phase I1 - f a b r i c z t i n n  of a 51- inch -d ian .~ tc r  
s p h e r i c a l  p re s su re  v e s s e l  t o  v e r i f y  t h e  des ign  and process  procedures 
developed under Phase I; and Phase 111 - t e s t i n g  of t he  f a b r i c a t e d  
v e s s e l  t o  v e r i f y  that des ign  and process  requirements had been net.  
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2 .  TEC€GIICfiL DISCUSSION 
2 .1  Phase I - Design 
Nickel e l ec t ro fo rming  i s  dcf incd as t h e  "production or 
r ep roduc t ion  of a r t i c l e s  by c l e c t r o d c p o s i t i o n  upon a mandrel or  mold 
t h a t  i s  subsequently separated from t h e  deposi t" .  
Electroforming i s  acconplished b;; p l ac ing  t:ic nzndrc l  or 
a r t i c l e  t h a t  i s  t o  be electroformed i n  an e l e c t r o l y t e  s o l u t i o n .  Nickel 
anodes a r c  placed i n  the e l e c t r o l y t e  i n  an a r r a n y c m c n t  t h n t  ~ i i 1 1  pro- 
duce t h e  d e s i r e d  n e t a l  d i s t r i b u t i o n  over t h e  n a n d r t l .  i'i d i r e c t  c u r r e n t  
i s  passed between the  n i c k e l  anodes and the  mandrel which f u n c t i o n s  as  
t h e  cathode.  The e l e c t r i c  c u r r e n t  f r e e s  n i c k e l  c a t i o n s  a t  t he  anode, 
:rhicfi t hen  recombine as elemental  n i c k e l  a t  t he  cathode.  The e l e c t r i c  
c u r r e n t  i s  maintained u n t i l  the d e s i r e d  wall t h i c k n e s s  of n i c k e l  has 
been produced. 
Several  parameters ~.rhich a f f e c t  the c l e c t r o f  orning process  
m u s t  be c a r c f u l l y  considered.  These p a r a n c t c r s  a r e :  
1. P a r t  Design 
2 .  Mandrel Design 
3 .  Current D i s t r i b u t i o n  
4 .  Gath A g i t a t i o n  
5.  Bath Chcnical Conposit ion 
6 .  P l a t i n g  Parameters 
3. pf1 
b .  Temperature 
c .  Current Density 
d .  P l a t i n g  S t r e s s  
695 l - F i n a l  3 
2.1.1 Vcsscl Design 
Design loads and c o m p a t i b i l i t y  of t h e  vessel wi th  t h e  
c l e c t r o f  orning p rocess  wcrc t!:c primary f a c t o r s  considered i n  the vessel 
design.  
A s p h e r i c a l  shape w a s  s e l e c t e d  because t h e  p r i n a r y  
s t r u c t u r a l  load was from the i n t e r n a l  p r e s s u r e .  Electroformed n i c k e l  
i s  an i s o t r o p i c  material and t h e  s p h e r i c a l  shape g ives  t h e  l a r g e s t  
volume vessel  f o r  a minimum su r face  a r e a  and thicl tncss .  
Processing mandrel s i z e  and ax ia l  symmetry considera-  
t i o n s  r e q u i r e d  t h a t  t h e  v e s s e l  be r o t a t e d  du r ing  t h e  e l e c t r o f o r n i n g  
process .  The c u r r e n t  d i s t r i b u t i o n  v a r i c s  s o n w h a t  from po in t  to po in t  
i n  t h e  e l ec t ro fo rming  ba th .  Since t h e  t l i ickncss  of t h e  deposi ted nate- 
r i a l  i s  d i i - e c t l y  r e l a t e d  t o  the c u r r e n t  d e n s i t y ,  r o t a t i o n  of the mandrel 
1 7 x 3  necessary t o  minimize v a r i a t i o n s  i n  thiclcnass.  A s  a r e s u l t  of t h e  
r o t a t i o n  requirement ,  t h e  f i l l  and d r a i n  openings were l oca t ed  synmctri- 
c a l l y  t o  s i m p l i f y  anode and masking des igns .  
i s  sham i n  F ig .  1. 
The f i n a l  vesse l  design 
The naximun s t r e s s e s  expected du r ing  proof t e s t i n g  
vcse established by us ing  t h e  s t r u c t x 3 1  a n a l y s i s  presented i n  hppcndix 
A .  This  a n a l y s i s  def i n e s  t h e  expected t h c r n a l  snd p r e s s u r c  s t r c s s e s  
f o r  a 51-inc!i-dianeter s p h e r i c a l  p re s su re  v c s s c l  as a f u n c t i o n  of m11 
t h i c k n e s s .  The anal:,-sis i n d i c a t e s  tha t  t h e  naxinun p r e s s u r e  s t r e s s  
can be expected a t  t h e  junc t ion  of t h e  p o r t  opening and the  s h e l l .  
The stress i n  t h i s  a r e a  i s  approxir.iatcly 2.5 t i m e s  t h e  s t r e s s  p r e d i c t e d  
by membrane theory.  
g iv ing  a mercbrane stress of 15,000 p s i  as shown i n  F i g .  A - 2 .  Cased on 
t h e  stress c o n c c n t r a t i o n  factor of 2 .5 ,  the m a x i m u m  stress a t  t h e  d i s -  
c o n t i n u i t y  i s  37,500 p s i .  Temperature induced stresses ar ise  from two 
sourccs:  temperature  g r a d i e n t s  along t h e  w a l l  of t h e  v e s s e l  and tern- 
p e r a t u r c  g r a d i e n t s  through the wall OF t h e  v e s s e l .  
s t r e s s  a long t h e  v a l l  i s  40,000 p s i  as slioxm i n  F i g .  A - 5 ;  t h e  maximum 
T h e  v e s s e l  i s  0.060-inch thic!< i n  t h i s  a r e a ,  




temperature s t r e s s  through the  wall i s  sham t o  b c  53,700 p s i .  
t h e  t o t a l  s i rcss  would b e  e q u a l  t o  t h c  s u m a t i o n  of membrane s t ress  and 
t1.- Ilcriiil s t r e s s ;  hajevcr,  I n  this  c a s e  these s t r c s s c s  a r e  a f u n c t i o n  of 
t h e  f i l l i n g  r a t e ,  and t h e  navinums w i l l  no t  occur s inu l t ancous ly .  
Nornally 
The n a x i n m  p res su re  stress cannot b e  developed u n t i l  
t h e  v e s s e l  is n e a r l y  f u l l  of l i q u i d ;  a t  t h a t  t ine t h c  w a l l  temperature 
of t he  v c s s c l  should b c  f a i r l y  uniform and t h e  temperature induced 
stresses minimized. 
Thc  membrane stress i n  t h e  n s j o r  p o r t i o n  of t h e  vessel 
a t  proof p r e s s u r e  w i l l  be 22,500 p s i .  This stress l e v e l  i s  extremely 
l o w  f o r  n i c k e l  and a t h i n n e r  v a l l  t h i c k n c s s  could i-.avc bee:? used. Tie 
0 .OLa-inch w a l l  t!:ickness w2s p r c f c r r e d  , however because of t k e  i;an- 
d l i n g  and Ccst ing r i s k s  involved w i t h  a € i r s t - a r t i c l e  vessel. 
Thc s c a l i n g  and va lve  mounting arrangencnts  f o r  the 
p rc s su rc  v c s s c l  du r ing  tes t ing are s h a m  i n  F i g .  2 .  The n i c k e l  f lange  
i s  s u p p o r ~ e d  between two s t a i n l c s s  s t e e l  p l a t e s  having s u f f i c i e n t  s t i f f -  
ness t o  develop t h e  full s c a l i n g  p r e s s u r e s  r e q u i r e d  for  cryogenic  ap- 
p l i c a t i o n s .  
2 . 1  .? ?!andre1 Design 
Mandrels used  i n  the  c l c c t r o f o r n i n g  proccss  are  gcn- 
c r a l l y  c l a s s i F i c d  as permanent or espcnclablc. The d i s t i n c t i o n  i s  not  
based upon tlic m a t e r i a l  from which t h e  mnndrcl i s  nadc b u t  r a t h e r  on 
t h e  nanner i n  which i t  i s  used. The r equ i r cnen t  t!iat tke nanircl nus t  
be removed a f t e r  t he  e l ec t ro fo rming  p roccss  through two r e l a ? i v e l j .  
s m a l l  openings precluded t h c  use of a pcrmanent nandrcl  i n  r h i s  c a s e .  
Therefore ,  an cxpcndable mandrel was s e l e c t e d  which could be removed 
by c t c h i n g  w i t h  d i l u t e  hydrochlor ic  a c i d  a f t e r  the e l ec t ro fo rming  
process  was complctcd. The mandrc l  was E:ade of G 0 G l  aluminum, a 
m a t e r i a l  which could bc removed withouL dmag ing  t h e  nic1:el v c s s c l .  
The mandrel design i s  shown i n  F i g .  3 .  
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2 . 1 . 3  Currcnt D i s t r i h c t i o n  
Currcnt d i s t r i b u ;  ion i n  the c l c c t r o i o r n i n g  b a t h  i s  a 
f m c t i o n  of t h e  p l a t i n g  b a t h  geometry, t h e  nask ing ,  and anode placemcnt 
arrangements. The proper combination of t h e s e  p a r a n c t c r s  was e s t a b l i s h e d  
f rm a combined a n a l y t i c a l  and e m p i r i c a l  s tudy .  
of thc p l a t i n g  t ank  s c t u p  i s  shown i n  F i g .  4 .  The mandrel i s  mounted 
h o r i z o n t a l l y  i n  t h e  r o t a t i n g  f i x t u r e  and r o t a t c s  about a s h a f t  through 
t h e  c e n t e r  of t h e  mandrel. The v c s s c l  i s  loca ted  i n  the e l ec t ro fo rming  
b a t h  w i t h  the c e n t e r  s h a f t  a t  the s u r f a c e  of t he  sulfamate p l a t i n g  so lu-  
t i o n .  The main anode pack i s  suspencled beneath the  v e s s e l  f r o n  t h e  
h o r i z o n t a l  r o t a t o r .  (The anode pack c o n t a i n s  t h e  supply of n i c k e l  
p l a t  i n s  anodes. ) 
A cross- s e c t i o n a l  view 
A uniLorm thickness over thc major a r e 3  of t h e  v c s s e l  
v a s  obtained by maintaining thc r a t i o  of nandrc l  s u r f a c c  a r c a  t o  anode 
pack s u r f a c c  arca c a s t a n t  a t  cvery p o i n t ,  d i i l c  lrccpic;; a cons tan t  
d i s t a n c e  between t h e  mandrel su r f ace  and anode pack. The equat ion below 
(developed i n  Appendix E )  was used t o  c s t a b l i s h  t h e  width of t h e  anode 
pack a t  any p o i n t ,  
?;:E2 cos E 
3 
'5 (R -1- h) K 
whcr e 
Wg = width of anode baske t  a t  angle E, i n  inches 
h = d i s t a n c e  between mandrel and anode b a s k e t ,  i n  inches 
R = r a d i u s  of mandrel i n  inches 
K = r a t i o  of anode baske t  s u r f a c e  area t o  nandrc l  
s u r f a c e  a rca .  
The width of t h e  anode baske t  was c s t a b l i s h c d  us ing ,  h = 8 i n c h e s ,  
K = 3 and R = 25.5 i nches .  It v a r i e d  f r o n  a mximun of 15 inches a t  
t he  bottom 01 t h e  nandre l  ( 5  = 0 ) ,  to a minimum of 4 . 5  inches j u s t  0 
0 












Tlic a d d i t i o n a l  n i c k e l  t h i c k n e s s  r equ i r ed  i n  t h e  rieclc 
a r c a s  t o  reduce tlic d i s c o n t i n u i t y  s t r e s s e s  was obtaincd by using addi- 
t i o n a l  a u x i l i a r y  anodes 5n the  ncclc a r e a  as shown i n  F ig .  4 .  These 
a d d i t i o n a l  anodc baske t s  m r c  c o n t r o l l e d  on s e p a r a t e  d i r e c t  c u r r e n t  
r e c t i f i c r s  so t h a t  t h e  thic1:ncss i n  t h i s  area could b e  c o n t r o l l e d  
independently of t he  rest  of the v c s s c l  su r f ace .  
To v e r i f y  t h e  d c s i p  conccpts  of t h e  p l a t i n g  b a t h  
geometry, s e v e r a l  t h i c k n e s s  p r o f i l c s  were made t o  e s t a b l i s h  t h c  c r o s s  
s e c t i o n  of t h c  c l c c t r o f o r n e d  d e p o s i t .  These p r o f i l e s  v c r e  e l e c t r o -  
for-ncd by t a p i n g  off gore s e c t i o n s  on t h e  main p a r t  of the nandrc l  
so t h a t  t he  clcctroformed s c c t i o n s  could b c  rcnoved a f t e r  t h e  p l a t i n g  
process  witl!out d n n a ~ e  t o  t h c  nandre l .  Tlic gorc  s e c t i o n s  i?cre then  
inspectcd Lor tliiclrness v z r i a t i o n s  throughout t l i?  p r o f i l e .  During 
t h e s e  p r o f i l c  s t u d i e s  i t  vas c s t a b l i s h e d  t h a t  t h e  th i ckncss  of t he  
clcctsofoi-mcd n i c k e l  could be ncasurcd dcriny, t h e  c l e c t r o f o r n i n g  
process  by using a Vidi-gage u l t r a s o n i c  t h i c k n e s s  t e s t e r .  'Tile p r o f i l e  
s t u d i e s  v e r i f i e d  t h a t  t h e  d c s i r e d  th i ckness  cou ld  be r e a d i l y  obtaincd 
over the major p o r t i o n  of t h e  sphere. Ilorylever, s e v c r a l  masking changes 
m r e  made in t h c  ~ ~ c a s  of t h e  p o r t  opcninzs.  This  was ai1 area of e::- 
treclc change i n  c u r v a t u r e  on the s u r f a c e  of t he  nandre l  and t h c  c u r r e n t  
d i s t r i b u t i o n  17as somc~rhat uncvcn. Tlic n a j o r  problem area vas  a t  t h c  
j u n c t i o n  of t h e  f l ange  and tlic ncck r a d i u s ;  :his a r c 3  b u i l t  up a t  a 
nucli slower rs tc  than tile surrounding a r c a s .  Sevcral  nasiring con- 
f i g u r a t i o n s  were n t t cnp tcd  but d id  no t  provide s i - f i i c i c n t  n i c k e l  Sui ld-  
up on t h e  r a d i u s .  Tlie s i t u a t i o n  vas f i n a l l y  c o r r e c t c d  by nou:iting Four 
a d d i t i o n a l  s i n g l e  anodes t o  throw d i r e c t l y  i n t o  t h e  r a d i u s .  These 
anodes were mounted on t h e  a u x i l i a r y  anodc b a s k e t s .  These s m a l l  anodes 
were cach r u n  o f f  a s e p a r a t e  c u r r e n t  r e c t i f i e r  s o  t h a t  the c u r r e n t  
d c n s i t y  could be c o n t r o l l e d  norc a c c u r a t e l y .  Thcsc anodes ase shown 
mountcd on t h e  a u x i l i a r y  ncck anodcs i n  F ig .  5 .  
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2.1.4 Bath Ag i t a t ion  
Propzr a g i t a t i o n  of t h e  e lec t roforming  ba th  when 
f a b r i c a t i n g  pressure  v e s s e l s  is extremely important .  P i t t i n g  and 
pinhole  e f f e c t s  can be g r e a t l y  reduced by ob ta in ing  t h e  proper b a t h  
a g i t a t i o n  f o r  t h e  electroforming process .  Ag i t a t ion  was obtained by 
pumping t h e  p l a t i n g  s o l u t i o n  through a spray tube  mounted along t h e  
edge of t h e  main anode b a s k e t .  The r e s u l t i n g  spray then impinged 
d i r e c t l y  upon t h e  p l a t ed  sur face  of t he  mandrel a s  t h e  v e s s e l  r o t a t e d  
i n  the  p l a t i n g  s o l u t i o n .  Ag i t a t ion  i n  t h e  neck a reas  w a s  provided bv 
pumping the  s o l u t i o n  up through p ip ing  a t  t h e  top  of t h e  r o t a t o r ,  
from where i t  impinged on an area d i r e c t l y  above the  neck of the  
v e s s e l .  These ba th  a g i t a t i o n  techniques proved adequate f o r  the 
e lec t roforming  process .  
3 
2.1.5 Bzth Chemical Composition 
The e lec t roforming  b a t h  s e l e c t e d  was a s tandard s ~ l -  
f a n a t e  n i c k e l  p l a t i n g  s o l u t i o n ,  t y p i c a l  of a b a t h  t h a t  would be used 
when producing any heavy w a l l  e lec t roform.  The b a t h  had the  fol lowing 
chemic a 1 c ompos i t ion  : 
Nickel 3 .31  oz /ga l .  
Nick21 ch lo r ide  0.38 o z / g a l .  
Boric  Acid 4 .74  o z / g a l .  
The chemical composition of the e lec t roforming  s o l u t i o n  was monitored 
throughout t h e  p l a t i n g  process  by d a i l y  chemical a n a l y s i s  f o r  t h e  
t h r e e  major c o n s t i t u e n t s  of the b a t h .  
2 .1 .6  P l a t i n g  Parameters 
The phys ica l  p r o p e r t i e s  of an  electroformed n i c k e l  
depos i t  can be va r i ed  by changing t h e  p l a t i n g  parameters  of t h e  e l e c -  
t roforming ba th .  The most s i g n i f i c a n t  parameters a r e  (1)  hydrogen ion  
concen t r a t ion ,  ( 2 )  ba th  temperature ,  ( 3 )  c u r r e n t  d e n s i t y ,  a:id ( 4 )  p l a t -  
i n g  s t r e s s .  Proper conbinat ion of t hese  p l n t i n g  parameters  can produce 
n i c k e l  w i t h  such widely varying p r o p e r t i e s  as an u l t ima te  t e n s i l e  
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s t r e n g t h  of 200,000 p s i  w i th  an e longa t ion  of 3 pe rcen t ,  t o  an u l t ima te  
t e n s i l e  s t r e n g t h  of 50,000 p s i  wi th  an e longa t ion  of 15 pe rcen t .  
t he  v e s s e l  f a b r i c a t e d  under t h i s  program was designed f o r  a cryogenic 
environment i t  was d e s i r a b l e  t o  have an e longa t ion  i n  the  w a l l  of a t  
l e a s t  10  percent  i n  2 inches .  
p l a t i n g  parameters  t o  ob ta in  the  50,000 minimum y i e l d  s t r e n g t h  and a 
10 percent  e longa t ion  i n  2 inches ,  s e v e r a l  t e n s i l e  pane ls  were p l a t ed  
under vary ing  cond i t ions .  The des i r ed  phys ica l  p r o p e r t i e s  were ob- 
t a i n e d  f r o m  a sulfamate ba th  opera t ing  a t  t he  fo l lowing  cond i t ions :  
As  
To e s t a b l i s h  t h e  proper combination of 
PH 3 .0  t o  3 . 7  
Temperature 100°F 
Current  Density 2GA/sq f t  
P l a t i n g  S t rength  5000 t o  10,000 p s i  ( t e n s i l e )  
Each of t h e  p l a t i n g  parameters was monitored throughout the p l a t i n g  
process  t o  in su re  t h a t  t h e  deposi ted n i c k e l  would have the  r equ i r ed  
phys ica l  p r o p e r t i e s .  
2 . 2  Phase I1 - Fabr i ca t ion  
Under Phase 11 of t h i s  program a 51 - inch -d iamte r  sphe r i ca l  
p re s su re  v e s s e l  w a s  e lectroformed t o  t h e  design requirements  and 
process  s p e c i f i c a t i o n s  developed under t h e  Phase I s t u d i e s .  
2 . 2 . 1  E l e c  t r o f  0rrrin.q Mandrel 
The mandrel was f a b r i c a t e d  by spinning two aluminum 
hemispheres and welding them toge ther  on an aluminum c e n t e r  s h a f t .  
During t h e  welding process  cons iderable  shr inkage occurred a t  t h e  weld 
j o i n t ,  l eav ing  t h i s  a r e a  of t he  v e s s e l  below t h e  d e s i r e d  con tour .  This  
su r face  d e v i a t i o n  was r e p a i r e d  wi th  an aluminum f i l l e d  epoxy r e s i n  
capable  of cu r ing  a t  room temperature.  
e lec t roforming  by pa in t ing  t h e  su r face  w i t h  a p r i m e r ,  and then c o a t i n g  
wi th  a s i l v e r  conduct ive p a i n t .  The complcted mandrel,  ready f o r  e l ec -  
t roforming ,  i s  shown i n  F ig .  C .  The nandre l  i s  shown on t h e  h o r i z o n t a l  
r o t a t o r  w i th  t h e  main anode baskzt and aux i l a ry  neck anodes niounted i n  
p l a c e .  
The su r face  w a s  prepared f o r  
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F.  C . C CCFPLETED XANDREL 
FIG. 7 CLECTROF3R;ED XICI(EL SPHERE 
2.7.2 E k z t r o f o r n i n g  
During t h e  e l cc t so f  orn ing  process  t h e  :;andre1 was 
r o t a t e d  i n  t h e  n i c k e l  sulfamate b a t h .  The chemical conpos i t i on  of 
t h e  ba th  was: 
Nick21 3 .31  o z j g a l .  
Nickcl  Chlor ide 0 . 3 8  oz/ga l .  
Boric  Acid 4.94 oz /ga l .  
The fo l lowing  p l a t i n g  parameters were maintained throughout t h e  
p l a t i n g  process :  
PH 3.0 t o  3 . 7  
Current dens i ty  8 t o  lGA/sq f t  
Bath temperature  100 t o  106’F 
P l a t i n g  s t ress  5000 t o  10,000 p s i  ( t e n s i l e )  
T e n s i l e  pane ls  were p l a t ed  be fo re  and a f t e r  t h e  e l ec t ro fo rming  of t h e  
v e s s e l  t o  e s t a b l i s h  thac  t h e  e l e c t r o p o s i t c d  n i c k e l  WL?S neetin;: t he  
des ign  requi rements .  Tens i l e  t e s t  specinens were prepared from these  
pane l s  i n  accordance wi th  AShI-Ea.  Tes t  r e s u l t s  a r e  presented  i n  
Table I. The average p r o p e r t i e s  of t h e s e  specimens were: 
E l t i m a t e  t e n s i l e  s t r e n g t h  31,160 p s i  
Yield s t r e n g t h  (0 .2  percent  o f f s e t )  56,400 p s i  
I1ltir?.ate e longa t ion  (:-inch gage l eng th )  13.5 percent  
Plodulus of e l a s t i c i t y  21.7 x 10’ p s i  
Sinze t h e  t e n s i l e  specimens had shown t h a t  t he  n i c k e l  depos i t  153s 
meeting des ign  requi rements ,  t he  v e s s e l ,  r o t a t o r  and anode pack ~ c s e  
placed i n  t h e  e l ec t ro fo rming  ba th .  
approximatcly 120 hours .  A t  va r ious  times dur ing  t h i s  per iod  i t  was 
no t i ced  t h a r  small  p i t s  dcvelopcd on the  s u f a c c  of t h e  c i c k c l .  I F  
allowed t o  c o n t i n u e ,  t h e  p i t s  might have p e n e t r a t e d  t h e  w a l l  of t h e  
completed v e s s e l .  The re fo re ,  t h e s e  areas were r epa i r ed  du r ing  t h e  elec- 
t roforn in ,c  process .  A small l o c a l  area around t h e  p i t  w a s  d r i e d  and 
then  t h e  p i t  coa ted  w i t h  DU Pont conduct ive p a i n t  number 4 9 3 3 .  
conduct ive p a i n t  was d r i e d  with a hea t  gun and p l a t i n g  immediately 
resumed. 
The elecLroforming process  l a s t ed  
The 
This techniquc appeared t o  work very  wel l  g iv ing  a cont inuous 
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NICKEL ELECTROFORMED SPEERE TENSILE TEST PANELS 
PLATED BEFORE AND AFTER THE VESSEL 
U1 timat e 
Tensile 
S t rength  
Specimen p s i  





Average 80 , 160 
Af tcr  Plating -1 70,400 
- 2  93,300 
- 3  95,300 
-4 7 5 , 1 0 0  
-5 73,100 
Average 81,540 
Yie ld  
S t r eng th  










4 9  , 7 0 0  
4 7 , 5 0 0  
55,22G 
E 1 ongat ion  


















E l a s t i c i t y  
p s i  
2 0 . 7  x 10h 
31.5 x 1 D G  
2 3 . A  x 106 
2 1 . 3  s 106 
2 2 . d  x 106 
21.7 x 18' 
2 1 . 2  x 106 
21.3 x 106 
2 2 . 3  x 106 
22.1 x 106 
21 .8  2: 106 













n i c k e l  l a y e r  over t h e  a r e a  as soon as ulectroforming vas r e s m e d .  
The surf  ace was observed continuously throughout t he  e l ec t ro fo rming  
p rocess  and repa i rs  made as  soon as p o s s i b l e  a f t e r  a d e f e c t  was noted. 
The electroformed v e s s e l  i s  shown i n  F i g .  7 .  Other 
p o s s i b l e  methods of prevent ing o r  r e p a i r i n g  t h e  su r face  p i t t i n g  are  
(1) burnishing the s u r f a c e  during t h e  e l ec t ro fo rming  p rocess ,  and 
( 2 )  s o l d e r i n g  or  welding a f t e r  completion of e l ec t ro fo rming .  It i s  
be l i eved  t h a t  p i t s  were s t a r t e d  by f i n e  p a r t i c l e s  of d u s t  which s e t t l e d  
on the  su r face  of t h e  p l a t e d  n i c k e l  du r ing  the  e l ec t ro fo rming  p rocess .  
This  problem could b e  completely e l imina ted  on a product ion b a s i s  by 
e l ec t ro fo rming  i n  a c l e a n  room or  by submerging t h e  e n t i r e  su r face  of 
t h e  v e s s e l  i n  the  p l a t i n g  s o l u t i o n .  
A f t e r  e lectroforming the  v e s s e l  w a s  sanded t o  a l i g h t  
p o l i s h  w i t h  130 g r i t  paper t o  smooth the  s u r f a c e  and improve appearance.  
V i s u a l  i n s p e c t i o n  of t h e  su r face  r evea led  a few small  s u r f a c e  p i t s ;  
t h e  i n t e g r i t y  of t h e  s h e l l  was v e r i f i e d ,  however, i n  l a t e r  proof and 
h e l i u m  t e s t  operations. 
A second t e n s i l e  panel  v a s  p l a t e d  a f t e r  e l ec t ro fo rming  
of t he  vessel  t o  v e r i f y  t h a t  the e l ec t ro fo rming  ba th  was s t i l l  d c p o s i t -  
i n g  n i c k e l  which met t h e  design requirements .  The average phys ica l  
p r o p e r t i e s  obtained from specimens c u t  from t h i s  panel were: 
U1 t irnat e t e n s  i l e  st renz t h  81,540 p s i  
Yield s t r e n g t h  (0.2 percent o f f s e t )  55,220 p s i  
Elongat i on  (2-inch gage l eng th )  1 2  percent  
6 Modulus of e l a s t i c i t y  21 .3  x 10 p s i  
Test  r e s u l t s  f o r  each specimen are  presented i n  Table I. 
2 . 2 . 3  Mandrel Removal 
Removal of thc aluminum mandrel a f t e r  e l ec t ro fo rming  
was accomplished bp e t c h i n g  i n  a hydroch lo r i c  a c i d  s o l u t i o n  (15 percent  
HCL by volume). 
t h e  v e s s e l  i n  t h e  e t c h i n g  s o l u t i o n .  A f t e r  t he  aluminum w a s  completely 
React ion r a t e  was c o n t r o l l e d  by varying t h e  depth of 
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removed, t he  epoxy primer and conductive p a i n t ,  used t o  r e p a i r  t h e  
con tour ,  were removed by r o t a t i n g  the  v e s s e l  h o r i z o n t a l l y  w i t h  2 mix- 
t u r e  of f i n e  gravel arid high-strength p a i n t  renover on t he  insi .de,  
The e n t i r e  v e s s e l  was then r in sed  s e v e r a l  t i m e s  w i th  d i s t i l l e d  wa te r .  
2.2.4 Thickness P r o f i l e  
The th i ckness  p r o f i l e  was e s t a b l i s h e d  a f t e r  t h e  mandrel 
was removed by using a Vidi-gage u l t r a s o n i c  tk i ckness  t es te r .  The 
Vidi-gage was c a l i b r a t e d  u s i n g  sanpl.-s of c l e c t r o f  ormed n i c k e l  of known 
t h i c k n e s s .  The r e s u l t i n g  th i ckness  p r o f i l e  i s  shown i n  F ig .  8. 
The wa l l  t h i ckness  of t h e  v e s s e l  proper v a r i e d  between 
0.044 and 3.052 inch .  The t a p e r  necessary t o  produce t h e  r e i n f o r c e d  
a r e a  s t a r t e d  i n  t h e  propcr area and b u i l t  up t o  0.095 i nch ,  0.020 inch 
above the  expected maximum of 0.075 i n c h .  The r e i n f o r c e d  a r e a  was 
coverzd by t h e  neck a u x i l i a r y  anode bnske t s  which made it  very d i f f i c u l t  
t o  o b t a i n  Vidi-gage r ead ings  during t h e  p l a t i n g  p rocess .  
p l a t i n g  was permit ted t o  continue longer than r equ i r ed  t o  a s s u r e  an 
adcquate t h i c k n e s s  i n  t h i s  high s t r e s s  a r e z .  
Consequently, 
The r a d i u s  between t h e  f l a n g e  and the neck  was t h i n n e r  
t h a n  t h e  surrounding a r c a s  but should be of adequatc th i ckness  f o r  t h e  
p ro to type  vesse l .  The G.5-inch r a d i u s  was d i f f i c u l t  t o  b u i l d  up, a s  
t h e  n i c k e l  tended t o  d i s t r i b u t e  i t s c l i  0x1 e i t h e r  t h e  neck o r  f l a n g e .  
2 .2 .5  F i n a l  L\ssembly 
F i n a l  assembly of t h e  v e s s e l  included mounting thi? 
f l a n g e  suppor t s  i n  p l a c e  and d r i l l i n g  and trimming the  n i c k e l  f l a n g e s  
t o  s i z e .  The f i l l ,  d r a i n  and p r e s s u r e  r e l i e f  v a l v e s  were nountcd on 
t h e  o u t e r  f l a n g e s ,  u s i n g  s t a i n l e s s  s t ee l  p ipe  f i t t i n g s  wrapped w i t h  
t e f l o n  th read  t a p e .  LJhile these j o i n t s  would no t  be adequate €or  h igh  
vacuum a p p l i c a t i o n s  they were s a t i s f a c t o r y  f o r  t h e  q u a l i f i c a t c o n  t e s t s  
performed a t  EOS. 
f o r  subsequent cryogenic t e s t i n g  a t  MSFC. 
f o r  q u a l i f i c a t i o n  t e s t i n z ,  i s  showi I n  F i g s .  3 and 10. 
The v a l v e s  can be mounted and welded as r e q u i r e d  






















2 . 3  Phase I11 - Testing 
The purpose of t h e  Phase 111 t e s t i n g  was t o  in su re  t h a t  t h e  
vessel m e t  t h e  s p e c i f i c  des ign  requirements .  Tes t ing  included (1) ten-  
s i l e  t e s t i n g  of specimens to e s t a b l i s h  mJchanica1 p r o p - r t i e s  a t t a i n e d  
i n  t h e  primary s t r u c t u r e  ( 2 )  hydros t a t i c  proor  t c s t i n g  of t h e  v e s s e l  
a t  70 p s i g  f o r  15 minutes  and ( 3 )  helium leak t e s t i n g  a t  15 p s i s  t o  
determine the average permeabi l i ty  r a t e .  
2 . 3 . 1  T e n s i l c  Tes t ing  
The s i z e  of the electroformed v e s s e l  be ing  f a b r i c a t e d  
precluded c lec t rofor rn inz  t e n s i l e  specimens simultanLlously witsli t h c  
v e s s e l  dur ing  e l ec t ro fo rming  process .  T e n s i l e  t e s t  pane ls  were there-  
f o r e  p l a t e d  before  and a f t e r  the vessel  was e lec t roformed.  The physi-  
c a l  p r o p e r t i e s  of t h e  vessel were then  assumed t o  be v i t h i n  th;l range 
of t hose  obta ined  w i t h  the t e s t  pane l s .  
F ive  t cns i l c  specimcns were prepared from each  tes t  
pane l  f o r  t e s t i n g  i n  accordance w i t h  ASTM-E8. The specimens were 
t e s t e d  i n  a Xiehle  t ens i le  t e s t i n g  machine. The des ign  requi rements ,  
and the p r o p e r t i e s  of the test panels  were as f o l l o x ~ s :  
Design Panel P l a t ed  Panel P la ted  
Pr opsr t y Ecqzirenent  Ce fo r t  the Vessel A f t c r  t h e  V ~ s s c 1  
U l t  inatc Tens i l z  S t r eng th  
( p s i )  80,000 SO, 160 81,450 
Yield Scrength (2 percent  
o f f s e t )  ( p s i )  50 ,OGO 5G ,400 55,220 
E locga t ion  (2-inch Gage 
IC i1gt h ) ( pc: r c en L ) 10 13.5 12 
S p e c i f i c  d a t a  from each t e s t  a re  presented  i n  Table  I. 
2 . 3 . 2  Hydros t a t i c  Proof Tes t  
Hydros ta t ic  proof t e s t i n g  w a s  accomplished by assem- 
b l i n g  t h e  v e s s e l  w i t h  t h e  f lange  g a s k e t s ,  f i l l  and d r a i n  f i t t i n g s ,  and 
r e p l a c i n g  t h e  p r e s s u r e  r e l e a s e  va lve  wi th  a p r e s s u r e  gage. The v e s s e l  
w a s  t hen  p res su r i zed  wi th  water t o  70 p s i g .  The f i l l  and d r a i n  va lves  
were c losed  and p r e s s u r e  maintained f o r  15 minutes .  A p r e s s u r e  ve r sus  








70 p s i &  tl icre vas no drop i n  p re s su re ,  and t h e  v e s s e l  was vented.  The 
h y d r o s t a t i c  proof t e s t  v e r i f i e d  t h a t  a11 components of t he  v e s s e l  could 
vi t Ii s t and t h e  de  s i gn p r  oaf pr c s s u r  e 
2 . 3 . 3  Heliiun Leak Test 
A helium leak t c s t  
Qf 70 FSig. 
was performed t o  determine the 
average pe rmeab i l i t y  ra te  of the  v e s s e l .  
p r e s s u r i z i n g  t h e  v e s s e l  i n t e r n a l l y  w i t h  helium t o  20 p s i s  and then  
using a helium l e a k  s n i f f e r  t o  e s t a b l i s h  t h e  leakage r a t e .  The e n t i r e  
s u r f a c e  area w a s  checked and no evidence of a l eak  w a s  found. The 
s e n s i t i v i t y  of t h e  tester was 1.5 x 10 s t d / c c / s e c .  The f l a n g e  seals  
w e r e  a l s o  t e s t e d ;  one w a s  leaking a t  a r a t e  of G x 10 s t d / c c / s e c  and 
An i n i t i a l  t es t  w a s  made by 
- 10 
-5  
1 t h e  o t h e r  a t  4.5 x 10- 
t a l l i c  seals used du r ing  t h i s  t c s t  rrere then r ep laced  wi th  s tandard 
rubber f l ange  gaske t s .  Tliese gaske t s  s ca l ed  t h e  f lange area sonewhat 
i n s i d e  t h a t  a r e a  which was scaled by C.;W FiexiL,.illic flange gasi. t ts .  
The e n t i r e  vessel  was t hen  scaled i n  a polyethylene bag. The heliurn 
s n i f f e r  was i n s e r t e d  a t  t h e  top of tlic b a ~  and t h e  w s s c l  t e s t e d  f o r  
two hours .  The maximum leak  ra te  measured during t h i s  t i m i :  v a s  4.5 x 
lo-' s t d / c c / s e c .  
s u r f a c e  a r e a  of t he  sphere.  
s t d / c c / s c c .  The T e f l o n - s t a i n l e s s  s t ee l  F l t x i -  
This r a t e  included the f l a n g e  s e a l s  and the e n t i r e  
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3 .  CONCLUSIONS &?D PZCOPPENDATIONS 
The f e a s i b i l i t y  of manufacturing cryogenic  p re s su re  v e s s e l s  by t h e  
n i c k e l  e lec t roforming  process  has been s u c c e s s f u l l y  demonstrated.  A 
one-piece s p h e r i c a l  p re s s rxe  v e s s e l  was designed and f a b r i c a t e d  f r o =  
c l ec t rodepos i t cd  n i c k e l .  
passed h y d r o s t a t i c  proof tes t  and helium t e s t s  €or  pcrmcabi l i ty  of t h e  
v e s s e l  w n l l .  The v e s s e l  has been d e l i v e r e d  t o  NSFC f o r  f u r t h e r  cryogenic  
r e s t i n g .  F a b r i c a t i o n  and t e s t i n g  of the 51-inch-diameter v e s s e l  has 
proven t h e  f e a s i b i l i t y  of t h e  e lec t roforming  proccss  and s a t i s f a c t o r i l y  
demons t r a t  cd t lie L o l  low i n  5 : 
Tlic \rcsr.cl has m e t  de s ign  requirements  
1. A contii luous nonporous nic!: 1 1  wall can  be  f a b r i c a t e d .  
2 .  S n a l l  p i n  h o l e s  t h a t  appear dur ing  the e lec t roforming  process  
can be  loca ted  and success fu l ly  r e p a i r e d  dur ing  e lec t roforming .  
3 .  The aluminum mandrel can be  e tched  out  without  damage t o  t h e  
v e s s e l  a f t e r  e lec t roforming  has been conple ted .  
4 .  Chailgcs i n  w a l l  t h i ckness  can b e  made by proper  anode and. 
masking des ign  t o  provide 1-einforcenent of h igh  load a r e a s  , 
without  secondary bonding and wcld inz  t o  t h e  v e s s e l .  
5 .  Por t  openings and r c in fo rccnen t s  can b e  e lec t roformed 
s i n u l t s n t o u s l y  v i t h  thc primary s t r u c t u r e  of t h e  vessel ,  
e l i m i n a t i n g  a nzed f o r  secondary welding.  
6 .  The th i ckness  of t h e  e lec t roformed s t r u c t u r e  can be  monitored 
throughout t he  p l a t i n z  process  w i t h  t h e  use of an u l t r a s o n i c  
Vidi-gage th i ckness  tes ter .  
Although i t  has  been shown t h a t  p i n  h o l e s  and s u r f a c e  d e f e c t s  can  
be  r e p a i r e d  s u c c e s s f u l l y  during c l ec t ro fo rming  pi-occss i t  would be 
d e s i r a b l e  t o  e l i n i n a t e ,  or a t  least  miniri ize,  t h e  nccd f o r  such r e p a i r s .  
I n  s e v e r a l  cs5cs  i t  was not iced  cha t  the p i n  h o l e s  v e r e  s t a r t e d  by 
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specks of dus t  f a l l i n g  on t h e  sur face  of t he  sphere dur ing  t h e  p l a t i n g  
process .  
l a rge  cnoiigh t o  submerge the e n t i r e  su r face  of t h e  sphere i n  t h e  p l a t i n g  
s o l u t i o n  or  i n  a c l ean  room atmosphere. 
This  problem could be solved by c i t l i e r  p l a t i n s  i n  a tank 
Although t h c  F e a s i b i l i t y  of clectroCorming cryogenic  p re s su re  
v e s s e l s  has  been demonstrated,  i t  i s  r e a l i z e d  t h a t  t h e  low t e n s i l e  
s t r e n g t h  of t h e  n i c k e l  conbined w i t h  t h e  h igh  d e n s i t y ,  y i e l d s  a low 
strength-co-weight r a t i o  v c s s e l .  However, i t  Ixas been shown duriilg 
t h i s  program t h a t  t h e  p r o p e r t i c s  of t h e  e l ec t rodepos i t ed  nickel  can 
be var i ed  over a l a rge  ranzc by proper ccchina t ior .  of t h e  p l a t i n -  
parameters .  An examp12 i s  shown i n  F i g .  1 2 ,  w;:ich p r e s e n t s  t he  physi-  
c a l  propLsr:ics 01 Llec t roc?cpos iP td  .:ic!:cl p l a t e d  ii 2 >i:lfar-ilLc> p l a t i n < ,  
ba th  as a func t ion  of t h e  bath temperature .  It can b e  seen  t h a t  t e n s i l e  
p r o p e r t i c s  were obtained varvine from about 100 k s i  to 200 k s i  and 
e longa t ions  from 3 t o  3 percen t ,  depending on t he  p l a t i n g  t c n p c r a t u c .  
These d a t a  i n d i c a t e  t h a t  i t  should be  p o s s i b l e ,  w i t h  fu r the r  s tuZ)- ,  t o  
produce an electroformed s t r u c t u r e  t h a t  has s t r eng th - to -dens i ty  r a t i o s  
approxina te ly  equal  t o  o the r  cormon p res su re  v e s s e l  m a t e r i a l s  ; a t a r g e t  
value might be  0.6 x 10 inch.  G 
It i s  reconncnded t h a t  a program be  i n i t i a t e d  wi th  the  objccCiire 
of eva lua t ing  t h c :  u l t i m a t e  t e n s i l e  s t rcngt l :  2nd e longa t ion  01 the  
n i c k e l  producpd 1 rom o ther  n i c k e l  p l a t i n g  ba ths  as  a f u n c t i o n  of the 
p l a t i n g  pararncters . This  program should a l s o  inc lude  t h e  e l e c t r o -  
forming of s e v e r a l  smal le r  s i z e  p re s su re  v e s s e l s  ac t h e s e  p l a t i n g  
parameters and the v e r i f i c a t i o n  of t h e i r  performance w i t h  h y d r o s t a t i c  
p ruuf  L e s ~ s .  
Such a program would de f ine  the  proper combinat i on  of p l a t i n g  
parameters which would r e s u l t  i n  t h e  product ion  of n icke l -depos i ted  
p re s su re  v e s s e l s  capable  of performing a t  l e v e l s  equal  t o  or b e t t e r  
than  those  c u r r e n t l y  obtained with v e s s e l s  produced by more convent iona l  
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APPENDIX A 
ELECTRO-OPTICAL SYSTEMS CRYOGENIC TANK ANALYSIS 
BY G. A .  HEGEMIER 
1 IISI?IODUCTION 
The informat ion contained h e r e i n  concerns the stress a n a l y s i s  of 
t h e  E lec t ro -Opt i ca l  Systems 51-inch s p h c r i c a l  cryoEcnic s t o r a g e  con- 
t a i n e r .  The d i scuss ion  i s  r e s t r i c t e d  t o  e f f e c t s  of i n t e r n a l  p re s sa rc  
and temperature onl:;. 
2 .  GENERAL PROCLEF1 ARE%S 
Three b a s i c  problem a reas  should be noted i r m e d i a t e l y .  F i r s t ,  
s t r e s s  conccn t r a t ions  can be expected nea r  Llie i n l e t  (cxliaust) - 
sphere i n t e r c e p t s .  An upper bound on t h e  magnitude of the concentra-  
t i o n s  r i i l l  be  determined. Second, s t r e s s  concen t r a t ions  will e x i s t  
nea r  t h e  gas-Fluid i n t e r f a c e  when t h e  tank i s  p a r t i a l l )  f i l l e d  wi th  
l i q u i d  hydrogen. These conccn t r a t ions  a r e  due t o  t h e  discont inuous 
n a t u r e  of t h e  temperature d i s t r i b u t i o n  m a r  t h e  i n t e r f a c e .  And t h i r d ,  
t h e r e  e x i s i s  thc problcn of thermal sliock; during a s h o r t  per iod 
fo l lowing  c o n t a c t  of t h c  c o l d  l i q u i d  w i t h  the c o n t a i n s  wal l  a r a t h e r  
s eve re  temperature g r a d i e n t  w i l l  e x i s t  through the wall t h i ckness .  
This  g r a d i e n t  dec reases  r e p i d l y  w i t h  t i n e  and t h e  wall even tua l ly  
dsscu,~es cl reiaiiveiy consLanr: r cnpe ra tu re  i n  the th i ckness  d i r e c t i o n .  
However, during t h e  per iod of large temperature  g r a d i e n t ,  temperature  
induced s c r c s s e s  can be l a r g e ;  an estimate of t h e s e  temperatux-c in -  
duced s t r c s s e s  i s  nade. 
A- 1 
3 .  ANALYSIS 
Membrane S t r e s s  S t a t e :  Consider F i g .  A - 1 .  The stress d i s t r i b u t i o n  
some d i s t a n c e  ( t o  be s p e c i f i e d  l a t e r )  away f r o 9  t h e  f l a n g e  acd g a s - f l u i d  
i n t e r f a c e  areas will be t h a t  of a pure membrane s ta te .  An elementary 
c a l c u l a t i o n  y i e l d s  
u = cia = u 2  = Pa/2h m 
where G and T~ = meridional  and hoop s t r e s s e s ,  
r e s p e c t i v e l y ,  P = i n t e r n a l  p r e s s u r e ,  h = s h e l l  w a l l  t h i c k n e s s ,  and 
a = s h e l l  midsurface r a d i u s .  
tes t  p r e s s u r e )  and a = 25.5 i n .  i s  i l l u s t r a t e d  i n  F ig .  A-2 f o r  
10 x l om3  i n .  < h C 80 x i n .  
= membrane s t r e s s ,  u' m 4 
The behavior of am f o r  P = 70 p s i  (proof 
S t r e s s e s  Near t h e  Sphere - Flange I n t e r c e p t  Zone: Reference is 
aga in  made t o  F ig .  A-1.  The magnitude of t h e  stress c o n c e n t r a t i o n s  
n e a r  t h e  i n t e r c e p t  area f o r  a nonoptinum s h e l l  des ign  w i l l  be es t i -  
mated by cons ide r ing  two l i m i t i n g  cases: 
f l e x i b i l i t y  (a r i g i d  i n s e r t )  and a connection w i t h  z e r o  r i g i d i t y  ( a  
h o l e ) .  Figure A-3 i l l u s t r a t e s  t h e  r i g i d  i n s e r t  cond i t ion .  The stresses 
i n  a r eg ion  1 c5 I < 25 
f i n d s  
a connect ion w i t h  z e r o  
0 
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I n  t h e  above equa t ions  Om denotes t h e  previous membrane stress (Pa/2h) ,  
'- are Schleicher  f u n c t i o n s  (Ref. 2 ) ,  ( ) ' denotes d / d ? ,  ' = 1.82 r / ,& 
( v  = 0 . 3  has been assumed), F 
r = d i s t a n c e  from h o l e  c e n t e r l i n e .  
i l l u s t r a t e d  i n  Figs .  A-4a and A-4b. 
c e n t r a t i o n  f a c t o r  of approximately % = 2 to 2.5 e x i s t s  f o r  a = 25.5 i n .  
and h = 3 0  x to 60 x i n .  r m= 1 t o  2 in. This  concen t r a t ion  
( i n  meridional  s t r e s s )  i s  t h e  d i r e c t  r e s u l t  of local bending nea r  t h e  
i n s e r t  . 
i 
= 1.82 ro/ 'ah, ro = ho le  r a d i u s ,  and 
0 
Equations 2 and 3 a r e  numerical ly  
These data  i n d i c a t e  a stress con- 
0 
0 
Now le t  us  assume t h e  i n t e r s e c t i n g  body posses ses  ze ro  f l e x i b i l i t y .  
The mathematical equ iva len t  of t h i s  is  a ho le .  
s t ress  concen t r a t ion  w i l l  be approximately t h a t  of a p l a t e  ( i n f i n i t e )  
w i t h  a h o l e  sub jec t ed  t o  b i t e n s i o n .  For such a case  t h e  stress concen- 
t r a t i o n  f a c t o r  i s  5 
Since r o  << a, t h e  
= c "  /c = 2 a t  t h e  edge of t h e  h o l e .  $ f m  m 
m n  tlic - & O W  liluii- cdbes i n d i c a i e  c'ne magnicucie of t h e  stress con- 
c e n t r a t i o n s  one can expect  f o r  a s h e l l  of cons t an t  t h i ckness .  
c a n  be e l imina ted  t o  a c e r t a i n  degree by a n  a p p r o p r i a t e  f l a r i n g  of t h e  
connect ing body and va ry ing  t h e  s p h e r e ' s  t h i c k n e s s  near  t h e  f l a n g e  a r e a .  
Temperature Induced S t r e s s e s  : A s  mentioned p r e v i o u s l y ,  t h e s e  a r i s e  
They 
from two sources:  (1) temperature g r a d i e n t s  i n  t h e  C d i r e c t i o n ,  and 
( 2 )  temperature g r a d i e n t s  through t h e  s h e l l  wal l .  
considered s e p a r a t e l y  and t h e  r e s u l t s  can be superimposed t o  determine 
the  t o t a l  stress f i e l d .  
Their  e f f e c t s  can b e  
6951-Final A -6 
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A r e p r e s e n t a t i v e  e s t ima te  of t h e  s t r e s s e s  induced by i t e m  1 can 
be obtained by cons ide r ing  the tank a t  t he  one -ha l f - fu l l  mark. 
I f  t h e  cold and w a r m  hemispheres a r e  c u t  a p a r t  a long t h e  e q u a t o r ,  
t h e r e  w i l l  e x i s t  a gap = aWl (no thermal stresses e x i s t  when c u t ) .  
F- 
-- H e r e  a = c o e f f i c i e n t  of thermai expansion and 'I = average wail. tempera- 
t u r e .  To c l o s e  t h e  gap r a d i a l  f o r c e s ,  F ,  must be a p p l i e d ,  bending t h e  
upper s h e l l  inward and t h e  lower outward by t h e  same amount = 1/2 aaT. 
This  produces a hoop s t ra in  of E O  = * 1/2 CYT. 
r o t a t i o n  w i l l  be t h e  same a t  both edges so  t h a t  t he  tangent  t o  t h e  
meridian w i l l  be continuous without t h e  a p p l i c a t i o n  of moments. A f t e r  
some c a l c u l a t i o n  one f i n d s  : 
From t h e  symmetry t h e  
695 1 -F i n a  1 A -9 
where t h e  s u b s c r i p t  "T" i n d i c a t e s  thermal stress on ly ,  i .e . ,  the membrane 
s t r e s s  due t o  p re s su re  has  no t  been included.  
a r e  given by 
In Eq. 4 Ne, 4 ,  Me, Md 
EhW -Hw (??@IT = - -e s i n  (HW - n/2) 2 
-Hw s i n  (Hw - 3/41 Ehin: Q,$ = 7 f l e  
M = -  aEmh e-Hw s i n  (HW) 
4H2 
2 where H4 = 3( l-v ) a2/h2. Note t h a t  s i n c e  Ne, N - h and Mg, M - h 
the  maximum amplitude of the thermal stresses,  Eq. 4 ,  a r e  independent 
of w a l l  t h i c k n e s s .  These s t r e s s e s  a r e  i l l u s t r a t e d  numerical ly  i n  
F i g .  A - 5  f o r  a = 25.5 i n . ,  h = 34 x 
-5 = 10 in/in/'C and v = 0.3 ,  T = 2 1 . 2 O C  + 2 5 2 . 8 O C  = 2 7 4 O C .  
Me = vM$ 
2 
d a 
6 i n . ,  E = 30 x 10 p s i ,  
An inc rease  
i n  s h e l l  t h i c k n e s s  will s t r e t c h  t h e  v e r t i c a l  s c a l e  (smooth out  t h e  
d i s t r i b u t i o n )  bu t  w i l l  n o t  a f f e c t  t he  h o r i z o n t a l  s c a l e  (ampli tude) .  
Note t h a t  t h e  amplitudes of the  stresses a r e  d i r e c t l y  p ropor t iona l  t o  
Em. For h = 3& x i n .  the zone of i n f l u e n c e  of t h e  above stresses 
i s  about Q1 = 4 , hence they a r e  q u i t e  conf ined .  0 
Let us  e s t i m a t e  t h e  e f f e c t  of an i n i t i a l  thermal gradient through 
t h e  tank t h i c k n e s s  by assuming t h e  temperatures a t  t h e  o u t e r  and 
i n n e r  s u r f a c e s  of a s p h e r i c a l  s h e l l  a r e  cons t an t  i n  the  a rea  a l r e a d y  
f i l l e d  with f l u i d ,  b u t  t h a t  t he re  e x i s t s  a l i n e a r  v a r i a t i o n  of t enpe ra -  
t u r e  i n  t h e  r a d i a l  d i r e c t i o n .  I f  AT i s  t h e  d i f f e r e n c e  i n  t h e  tempera- 
t u r e s  of t h e  o u t e r  and i n n e r  s u r f a c e s ,  t h e  stresses some d i s t a n c e  from 
t h e  gas-f l u i d  i n t e r f a c e  a r e  given approximately by: 
6951-F ilia 1 A-10 
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-252.8OC t 
C# = I04O 
-COD -- T---- 
0 2 4 
1 0 ~ ~ ~ i  
- I  
- I  - - I  - - I  
WAR I 
+ 
a = 25.5 in 
h = 34 xI0-3 in 
E=30w IO6 psi 
Q = 10-5 in/ in /oc 
T = 274 O C  1
M+ 
+ - 
NOTE: MAX. AMP. OF 
STRESSES IS INDEPENDENT \ OF h AND a. 
1 20 40 
3 
X I 0  psi 
DUE TO T e 
(PRESSURE NOT INCLUDED) 
(MAX STRESS) 
0 0.5 1.0 1.5 
x103 psi 
+ 
IO 20 30 
3 
X I 0  psi 
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6 Assuming E = 30 x 10 p s i ,  0: = in/in/’C, AT = 274Oc, = 0 . 3 ,  
one o b t a i n s  
= 58,70(? p s i .  - ‘“a )ma* - (a B)max 
Note aga in  t h a t  t h e  magnitude of t he  stress  i s  independent of thickness 
and i s  d i r e c t l y  p r o p o r t i r n a l  t o  EqT. Equat ion G is i l l u s t r a t e d  for 
var ious  values nf  ,T , CL arid E i n  Fi g . A - i ; ,  
4 .  SrnLTlARY 
For d e s i g n  purposes ,  F i g s .  A - 2 ,  A-5  and A - 6  r ep resen t  expected 
membrane and naxinum temperature  induced stress l e v e l s .  The t o t a l  
maximum stress in any given case is obtained by all three types of 
stresses shown. In the area of the flanges, a stress concentration 
f a c t o r  of 2.5 should be assumed for a cons t an t  t h i ckness  s h e l l  ( t h e  
f a c t o r  2.5 is based on the membrane stress). An appropr i a t e  f l a r i n g  
of t h e  i n l e t  (exhaust)  p i p e s  and an i n c r e a s e  i n  s h e l l  t h i ckness  nea r  
t h e  f l ange  a rea  w i l l  s i q i f i c a n t l y  reduce t h i s  f a c t o r .  
695 1 -F ina 1 A - 1 2  
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APPENDIX B 
DERXVATION OF ANODE PACK DESIGN EQUATION 
BY R .  N. HANSON 
1. INTRODUCTION 
The v e s s e l  f a b r i c a t e d  during t h i s  program r o t a t e d  i n  t h e  e l c c t r o -  
forming b a t h  about a h o r i z o n t a l  c e n t e r  shaFt .  Half of t he  v e s s e l  was 
submerged i n  t h e  e l ec t ro fo rming  s o l u t i o n .  It was r equ i r ed  t h a t  t h c  
n i c k e l  anodes be placed i n  the e l ec t ro fo rming  s o l u t i o n  bela,:  t he  r o t a t -  
ing mandrel. As t h e  v e s s e l  w a s  t o  b e  of consta:it wa l l  t lLicl:ncss the  
main anode pack had t o  be designed t o  ma in ta in  a cons tan t  c u r r e n t  den- 
s i t y  on t h e  area of t h e  mandrel r o t a t i n g  above i t .  Th i s  could not be 
accomplished w i t h  a c o n s t a n t  width anode baske t ;  t h e r e f o r e  t h e  follow- 
i n g  equa t ion  w a s  developed t o  d e f i n e  t h e  r e q u i r e d  width of the anode 
pack a t  any l o c a t i o n  under the mandrel. 
2 .  DEVELOPMENZ OF WIDTH EQUATION 
The geometry of t h e  e l e c t r o f o r n i n g  s e t u p  with d e f i n i t i o n  of 
symbols i s  shown i n  F i g .  B-1 .  
Piasks a r e  placed on t h e  s i d e s ,  ends and r e a r  s u r f a c e  of t h e  anode 
pack so t h a t  t h e  only c u r r e n t  f low is d i r e c t e d  from t h e  normal t o  t h e  
s u r f a c e  of t h e  anode pack along t h e  r a d i u s  t o  the c e n t e r  of t he  sphe re .  
A s s t i m i n g  that the :.?F.l+lr nf +_he 2r.cdz pack is s n z l l  tonpnrcc! :z 
the diameter of t h e  sphere,  the s u r f a c e  a r e a  of the  anode pack at any 
ang le  8 ,  i s  given by: 
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Where : 
14, = width  of anode pack a t  any a n g l ?  C, i n  inches 
R = r a d i u s  of mandrel, i n  inches 
h = d i s t a n c e  between s u r f a c e  of mandrel and anode 
pack, i n  inches 
Because t h e  mandrel is r o t a t i n g ,  t h e  corresponding area on t h e  s u r f a c e  
of t h e  mandrel i s  given by: 
3 
= 2yR' cos 9d5 dA mandrel 
For uniform w a l l  t h i c k n e s s  the  r a t i o  of t h c  mandrel surface a r e a  t o  
the anode pack s u r f a c e  a r e a  must be c o n s t a n t ,  g iv ing  
S u b s t i t u t i n g  equa t ions  (1) and ( 2 )  i n  ( 3 )  t h e  width of t h e  anode pack 
a t  any angle  5 i s  given by :  
2 2;rR cos  Q 
K (R i h)  w, = t 
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